Abstract-Two-circuit models for feedback subcircuits are developed from a modification to the two-port method of feedback amplifier analysis and are applied in a method to break the feedback loop. These models are terminally equivalent to linear and nonlinear subcircuits, have physically-disconnected topologies, and employ dependent sources to control lateral signal transfer with a switch-like on or off manner. With feedback subcircuits replaced by these models in a SPICE simulation, it is possible to keep the amplifier biased at its closed-loop dc operating point while it operates in an open-loop or a closed-loop ac configuration. Small-signal analysis of the amplifier's equivalent circuit yields exact expressions for open-loop and closed-loop response functions, and the loop-gain.
I. INTRODUCTION
A LTHOUGH two-ports are important components for modeling multiterminal devices such as transistors and op-amps, they also find significant applications in the modeling of feedback amplifiers. Under certain terminal conditions, an amplifier's feedback topology can be transformed into an interconnection of subcircuits modeled as two-ports. Open-loop and closed-loop response functions are derived from systematic operations performed on the matrix of two-port parameters corresponding to the connection. This is the two-port analysis method which offers valuable insights into the system characteristics and performance of feedback amplifiers [1] - [4] . A major obstacle in the application of this method occurs in obtaining two-port models for the subcircuits in the connection. If the terminal pairs of a particular subcircuit do not obey port definitions, the subcircuit cannot be modeled as a two-port and the method becomes difficult to apply. Unfortunately, this condition is not uncommon and is found in many amplifiers including those with simple feedback structures [4] and [5] . Another problem is the application of the method for SPICE simulation. Even though methods suitable for SPICE have been developed for the extraction and manipulation of two-port parameters that yield response functions, these methods are often cumbersome and involve many steps [6] .
The approach introduced in this paper attempts to solve these problems by developing special two-port circuit models that are applied in a modification to the two-port method. With feedback subcircuits replaced by these models, the feedback loop can be Manuscript received March 15, 2001 ; revised April 2, 2002 . This paper was recommended by Associate Editor N. M. K. Rao.
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TABLE I BASIC FEEDBACK TOPOLOGIES VERSUS TWO-PORT INTERCONNECTIONS
broken to allow an analysis of the amplifier in the open-loop configuration. This approach produces a method suitable for analyzing feedback amplifiers having topologies that cannot be described with two-port interconnections. Two-port modeling of other amplifier subcircuits as well as the extraction of two-port parameters is unnecessary and not required. Furthermore, this method can be applied in a SPICE simulation where it possible to break the ac feedback loop while keeping the dc feedback loop intact. Consequently, the amplifier's dc operating point is maintained through closed-loop conditions while its ac small-signal equivalent circuit (determined at this point) operates under open-loop conditions. Linear circuit analysis of the open-loop configuration produces exact expressions for the forward open-loop function, the feedback function, and the loop-gain. Examples are included to show that these system functions are readily obtained from the implementation of this method in pencil-and-paper analysis methods as well as in SPICE simulations.
II. MODIFIED TWO-PORT METHOD
From the four possible combinations for comparing signals at the input and sampling signals at the output, a typical feedback amplifier can have any of the four basic feedback topologies listed in Table I. 1 Each topology in this table is identified with a corresponding two-port interconnection and parameter set that describes the amplifier's small-signal model in the two-port method [4] . For example, a noninverting gain amplifier consisting of a voltage operational amplifier (op-amp) and resistive voltage-divider is shown in Fig. 1(a) . The amplifier's feedback topology is recognized as voltage-comparing, voltage-sampling otherwise known as the loop-comparing, node-sampling topology [3] , [4] . As indicated in Table I , this topology corresponds to the series-parallel interconnection of linear two-port models for the terminating subcircuit ( ), the op-amp ( ), and the voltage-divider ( ) shown in Fig. 1(b) . Hybrid-parameters characterize the interconnection and are used in the derivation of the amplifier's open-loop and closed-loop response functions. 2 A simple modification is made to the two-port method where mathematical operations on two-port parameters are not involved. Two-ports are still employed since the modification involves substituting a two-port circuit model for the feedback subcircuit. For this substitution to yield correct results, the feedback subcircuit must be defined as a linear two-port. In other words, the subcircuit must contain linear components, and its input and output terminal pairs as they are connected to the other subcircuits in the amplifier must obey port definitions. However, it is not necessary nor is it required that the other subcircuits are defined as two-ports. If the port conditions are satisfied, the two-port circuit model is terminally-equivalent to the feedback subcircuit since their terminal response characteristics are identical [7] . An appropriate two-port circuit model 2 Actual details involved in the two-port method can be found in [1] - [4] and [6] .
for the resistive subcircuit in Fig. 1(b) is the conventional dual-source -parameter model shown in Fig. 2 . Since the subcircuit is a two-port when connected to the other parts of the amplifier, this circuit model establishes terminal equivalence with components equal to the hybrid-parameters of . These parameters are (1) where the subscripts , and are conventional representations for input, reverse, forward, and output, respectively [8] . An obvious difference between the voltage-divider and its model in Fig. 2 is the absence of a physical connection (except at the common terminal) linking the model's input and output ports. Since bilateral signal transfer between the ports is produced by dependent voltage and current sources (that is, by and ), a physical connection is unnecessary to realize terminal equivalence.
The modified amplifier circuit is shown in Fig. 3(a) where the resistors and have been replaced by the dual-source model in Fig. 2 . The feedback path produced by this model is broken by setting the value of the parameter equal to zero. The dependent voltage source responsible for generating voltage gain in the reverse direction is essentially removed thereby forcing the model to be unilateral in the forward direction. Since the other components of the model are not changed, the loading on the op-amp as well as the forward current gain produced by the feedback subcircuit are unaffected. This is shown in Fig. 3(b) where the voltage-controlled voltage source (VCVS) has been replaced with a short to ground. With the feedback loop broken, the amplifier operates in the open-loop configuration from which its response functions can be determined with routine circuit analysis of the small-signal equivalent circuit.
The detached topology of the conventional dual-source two-port circuit model suggests an effective means for breaking a feedback loop. Since lateral signal transfer through the model is established with dependent sources, it can be controlled in either or both directions by setting the parameter value of the responsible source equal to zero. Although this concept is easy to implement with dual-source models of relatively simple linear subcircuits like the voltage-divider in Fig. 2 , it is more difficult if not impossible to implement on more complex (linear or nonlinear) subcircuits for the reasons listed below.
1) While linear two-ports can be described by dual-source circuit models similar to the one in Fig. 2 , a nonlinear two-port must be linearized about its dc operating point in order to develop these models for small-signal circuit analysis. Generally, the linearization process is often complicated and time-consuming since the dc operating point is established in the closed-loop configuration which must be determined before circuit analysis can begin.
2) The components of the dual-source circuit model are two-port parameters that must also be determined prior to circuit analysis [e.g., (1)]. If the subcircuit has a complex topology with reactive components, the extraction of accurate parameter models for these components is often difficult and involved. Moreover, these parameter models are not easy to describe and implement for an accurate SPICE simulation. 3) With the feedback loop broken, the amplifier's closed-loop dc operating point is no longer maintained in the resulting open-loop configuration. Since linearized small-signal models of active devices are functions of dc bias conditions, the components of these models will not be accurately calculated for open-loop operation. 4) Breaking the feedback loop by removing a dependent source eliminates the actual feedback signal needed to calculate loop-gain [e.g., in Fig. 3(a) ]. Reconstruction of this signal involves operations with two-port parameters which may be difficult to obtain and describe.
In order to implement this loop-breaking concept on a variety of feedback amplifiers, it is necessary to develop a two-port circuit model capable of resolving these difficulties. A model suitable for this application must meet the following specifications.
1) The model must exhibit terminal-equivalence to both linear and nonlinear two-ports without having to perform the linearization process prior to SPICE analysis. 2) The model must be suitable for circuit analysis without the necessity of extracting two-port parameters. 3) The model must exhibit a physically-disconnected topology between its ports. 4) Lateral signal transfer through the model must be controlled in a simple on or off manner without removing or altering components. 5) Loading effects of the model on the amplifier must not be affected by the control of lateral signal transfer.
6) For SPICE analysis, the model must be capable of maintaining a closed-loop dc condition while simultaneously enabling an open-loop ac condition. All of these specifications are realized with the two-port circuit models developed in the following section. Because feedback subcircuits can be linear or nonlinear, a circuit model is developed for each case.
III. BINARY CONTROLLED LATERAL SIGNAL-TRANSFER TWO-PORT CIRCUIT MODELS

A. Port Equations for Linear and Nonlinear Two-Ports
The two-port shown in Fig. 4 is described with the conventional port equation relating excitation to response (2) As elements of the response vector and the excitation vector and denote port responses (voltage or current) while and denote port excitations (voltage or current). The relationship among these variables is defined with circuit functions and which are elements of the function vector . If is linear, these functions are linear and (2) can be expressed as a linear matrix equation in the form of (3) where the elements of are generalized two-port parameters determined from algebraic equations similar to (1) (4) For the two-port application described in this paper, these generalized parameters represent immittance parameters (open-circuit impedance and short-circuit admittance ) and hybrid parameters (hybrid-and hybrid-) only. The transmission parameter (forward-and reverse-) are omitted from this representation since they are not used in this application. If is a nonlinear two-port, and are nonlinear functions, and a port equation in the form of (3) cannot be written. However, by expressing port variables in terms of large-signal and small-signal components, can be linearized about its quiescent dc operating point with a truncated Taylor series. Assuming that the small-signal components are sufficiently small enough as not to disturb the dc operating point, (2) is approximated with (5) The upper case variables with " " in the subscript denote large-signal dc components while the lower-case variables denote small-signal ac components. The total of these two is simply an upper case variable with a numbered subscript. The large-signal dc equation is solved to determine the response at the quiescent point from the nonlinear functions and while the small-signal equation is solved to determine the response variation about this point caused by small-signal changes in the excitations. The small-signal equation describes the linearized two-port with a matrix equation similar to (3). However, the generalized parameters are derived from (6) These definitions serve as references for the two-port models used in the following developments.
B. External-Source Two-Port Circuit Model
The block diagram of a two-port circuit model designed to meet the specifications in Section II is shown in Fig. 5(a) as . The internal blocks and represent identical twoports that are exact duplicates of in Fig. 4 with respect to For to exhibit a physically-disconnected topology, these two-ports are not connected to each other (emphasized by the dashed vertical line) except possibly at a terminal common to their ports. The blocks connected to port 2 of (labeled ) and to port 1 of (labeled ) represent zero-valued port excitations produced either by a short circuit or by an open circuit as shown in Fig. 5(b) . These excitations are applied to eliminate reverse signal transfer through and forward signal transfer through while simultaneously providing the required terminations for responses taken from these ports. Finally, the blocks connected to port 1 of (labeled ) and to port 2 of (labeled ) contain dependent voltage or current sources shown in Fig. 5(c) . The dependent-source parameter denotes the voltage gain ( ) of a VCVS or the current gain ( ) of a current-controlled current source (CCCS). As indicated by the equations on the schematics, these dependent sources are suitably placed to combine the responses taken from the ports of and internal to the model (i.e., those ports with the zero-valued excitations) with the responses at the ports external to the model. The actual selections for these excitations and sources are summarized in Table II for each two-port parameter set characterized by and .
With and as constants, the port responses for are written from Kirchhoff's laws for (7) The port responses of and are expressed in the format of (2) for and (8) where the circuit functions and since and are identical to . The port excitations for and are and (9) With elements of the vectors in (8) and (9) substituted into (7), port responses and are expressed as (10) For this equation to resemble (2), the circuit functions must exhibit the properties of additivity and homogeneity; i.e., they must be linear functions obtained from linear two-ports and . Therefore, is restricted to linear two-ports only. If this condition is satisfied, (10) is rewritten as (11) Again, it is noted that and are duplicates of , and with , (11) is identical to (3) confirming terminal-equivalence between and . However, and are assigned values that directly control the lateral signal transfer properties of . This control is induced by setting the values of these parameters to one (1) to turn signal transmission on or to zero (0) to turn transmission off. In this manner, the model can be bilateral, unilateral in the forward or reverse direction, or neither bilateral or unilateral. Since the two-port parameters and are not involved with these control parameters, the loading characteristics of the model are unaffected and are the same as that produced by .
Because dependent sources that control lateral signal transfer through the model are placed at the external port terminals, is referred to as the external-source two-port circuit model. However, in order to satisfy the operations in (11), this model is designed for the circuit modeling of linear two-ports only.
C. Internal-Source Two-Port Circuit Model
The next circuit model that meets the specifications in Section II is shown in Fig. 6(a) . This model is labeled and, like , contains a duplicate pair of disconnected two-ports ( and ) identical to . The blocks terminating port 2 of (labeled ) and port 1 of (labeled ) contain dependent voltage or current sources shown in Fig. 6(b) . These sources (listed in Table III) Since the port responses for and are the same as those in (8), the elements of the vectors in (13) and (8) are combined with the elements of the excitation vector in (12) to produce the response vector for written as
With , (14) is identical to (2) since the circuit functions of and are the same as those of . For this condition, the circuit model is terminally-equivalent to the two-port in Fig. 4 . Since (14) was derived without linearity conditions imposed on and , is not restricted to linear two-ports and, therefore, can be a nonlinear two-port. For example, if is a linear two-port, (14) is expressed as (15) otherwise, if is a nonlinear two-port, the port equation is expressed in the form of (5) where (16) Again, the dependent source parameters and control the lateral signal transfer properties of . This model is referred to as the internal-source two-port circuit model since dependent sources that control its lateral signal transfer properties are placed across terminals internal to the model. Because its circuit functions are not restricted by linearity conditions, can be used as a circuit model for both linear and nonlinear two-ports.
Examples of -parameter circuit models for the resistive voltage divider in Fig. 2 are shown in Fig. 7 (a) and (b). The two-ports and in these models are exact duplicates of with and equal to , and and equal to . The port equation for the external-source model in Fig. 7(a) is found from routine circuit analysis for (17) while that of the internal-source model in Fig. 7(b) is (18) The dependent source parameters and are assigned binary values (0,1) to control lateral signal transfer through these models. With these parameters set to 1, both models are terminally equivalent to . Although the external-source and internal-source circuit models are quite sufficient for general two-port modeling applications, they are developed especially for their application in the loop-breaking method described next.
IV. LOOP-BREAKING WITH THE EXTERNAL-SOURCE MODEL
A. Theory of Operation
The block diagram model of a typical feedback amplifier is shown in Fig. 8(a) [4] . The components in this diagram consist of the active subcircuit , the feedback subcircuit represented by its external-source model in Fig. 5(a) , and blocks illustrating connections at the input and output. These connections establish the amplifier's feedback topology with couplings for input comparing shown in Fig. 8(b) and those for output sampling shown in Fig. 8(c) . As before, all variables shown on this diagram are expressed as nonspecific excitation and response variables for generality. In the derivation of response functions that follow, it is assumed that the amplifier has been transformed into its small-signal -domain equivalent where all variables and two-port parameters are expressed as functions of . The system block diagram for the amplifier is developed from the following steps.
First, the excitation at the input to is found from the input comparing topologies in Fig. 8 and from (8) and (9) (21) Substituting (21) into (20) and the result into (19) gives (22) Next, the excitation at port 2 of is found from the output sampling topologies in Fig. 8(c) where (23) Substituting this equation into (22) and rearranging terms yields (24) where and are analogous to the system error signal and the feedback signal in the standard block diagram model of a feedback control system [9] . It is important to note that although the feedback signal is the product of the two-port parameter and the output response , it is also the response at port 1 of ; that is, from (24) and then (21)
Thus, can be obtained directly from the amplifier's model without having to perform operations involving two-port parameters. The error and feedback signals are multiplied by functions and to produce equations for a system representation written as (26) As a final step, these equations are simulated with the system block diagram shown in Fig. 8(d) where the value of controls the condition of the feedback loop. In this diagram, the block is recognized as the open-loop function, is the feedback function, and their product is the system loop-gain . These response functions are determined from the amplifier and its block diagram in Fig. 8 with to break the feedback loop. That is (27) 
where is the return difference known also as the feedback factor. Other open-loop and closed-loop response functions such driving-point input and output immittances can also be obtained from the amplifier with these two values for .
B. Example Circuit for Pencil-and-Paper Analysis
The noninverting gain amplifier in Fig. 1(a) is redrawn in Fig. 9(a) where the resistors and have been replaced by the external-source -parameter circuit model. The amplifier's small-signal equivalent circuit is shown in Fig. 9(b) where the op-amp model in Fig. 1(b) and the circuit model for in Fig. 7(a) are used. It is assumed that the components of the op-amp model have been determined at the amplifier's closed-loop dc operating point. The value of the CCCS current gain is set to 1 to maintain forward signal transmission through while the value of the VCVS voltage gain is left as a variable to control the state of the feedback loop. The system block diagram is shown in Fig. 9(c) where the system-error voltage and feedback voltage are determined from (24) and (25) . These functions are written as shown in (31) at the bottom of the page. It can be shown that all of these responses functions are exactly identical to those derived from the two-port and modified two-port methods since and contain identical components.
V. LOOP BREAKING WITH THE INTERNAL-SOURCE MODEL
A. Theory of Operation
The block diagram model of a feedback amplifier that uses the internal-source circuit model for is shown in Fig. 10 . The input and output connections are the same as those used on the external-source model shown in Fig. 8(b) and (c), and the system block diagram is identical to that in Fig. 8(d) . With steps similar to those performed in Section IV, it can be shown that the system error signal is the same as that in (24) but the feedback signal is slightly different from that in (25). For this model, is expressed as
To obtain this signal directly from the block diagram model in Fig. 10 , it is necessary to subtract the response at port 1 of from the port response at port 1 of . These port responses (31) However, by setting to close the feedback loop, (35) reduces to zero and cannot be determined from the difference. Therefore, unless (32) is used to compute in the closed-loop configuration, the system-error signal in (28) is not easily extracted from this model.
The response functions calculated from this model are identical to those in (27) and (28) with exception of and , and which is omitted. With again controlling the feedback loop, these functions are expressed as (36) 
B. An Example Circuit for SPICE Simulation
A transimpedance amplifier consisting of a uA741 op-amp and a pair of 2N3019 NPN BJTs is shown in Fig. 11(a) . The amplifier's current-comparing, voltage-sampling feedback topology is produced by the current mirror consisting of transistors and , and resistors and . Since this subcircuit is a nonlinear two-port, it is replaced by an internal-source -parameter circuit model constructed from Table III . This replacement produces the amplifier circuit shown in Fig. 11(b) where and are identical two-ports each containing the current mirror. Similar to the external-source model, while the value of is used as a variable to control the state of the feedback loop.
The loop-breaking method is implemented for SPICE simulation by including two copies of the amplifier in a single SPICE file. Two copies are necessary to produce a replica biasing scheme similar to that described in [6] and [10] . This is shown in Fig. 12 where SC1 and SC2 are exact copies of the circuit in Fig. 11(b) , and are biased from the same batteries VCC and VEE. The only difference is that SC2 is driven by a frequency-dependent ac current source II2 while the input to SC1 is set to zero with an open circuit. Notice that the control voltage for the VCVS EMR2 connected to port 2 of the two-port XNAF2 in SC2 is labeled "
." The subscript LC stands for loop-control since it will be shown that this voltage actually controls the state of the SC2's feedback loop. The SPICE subcircuit UA741 is a macromodel of a 741-type op-amp that is more extensive than the first-order model in Fig. 1(a) [11] , [12] . The -sections in the internal stage of this model produce open-loop poles at 10.0 Hz, 1.0 MHz, and 10.0 MHz. The subcircuit FBACK is an exact copy of the current mirror in Fig. 11(a) . Transistors Q1 and Q2 are modeled with the SPICE BJT parameters listed in Table IV which were extracted from the data sheet of a typical 2N3019 [13] , [14] . Resistors RE1 and RC2 are identical to the resistors and , respectively, in the original amplifier circuit.
Since SC1 has no ac excitation, all of its voltages and currents are closed-loop dc values with no ac components. With the loop-control voltage referenced to the voltage V2F2 in SC2, the total feedback loop in SC2 is also closed so that SC1 and SC2 are independently biased at the same dc operating point. In this configuration, both circuits exhibit identical ac and dc response characteristics. To break the ac feedback loop in SC2, is referenced to the voltage V2F1 in SC1. Since voltages V2F2 and V2F1 have the same dc component, the dc feedback path in SC2 is effectively closed. However, the ac feedback loop in SC2 remains broken since V2F1 contains no ac component and the two-port XNAF2 cannot transfer any ac signal to the op-amp XOP2 to close the loop. Therefore, SC2 is biased with the dc voltage of SC1 to establish the correct closed-loop dc configuration although it is operating in an open-loop ac configuration. Notice that the voltage gain of EMR2 is not set to zero as was done with the corresponding parameter in the previous example. Since the control voltage for this source in the open-loop configuration (V2F1) has a zero-valued ac component, the multiplication of this voltage by a finite-valued gain has the same effect as the multiplication of the control voltage by a zero-valued gain.
The amplifier's response functions are determined from the node voltages and branch currents of SC2 found from the SPICE simulation of Fig. 12 with for open-loop functions and for closed-loop functions. 4 With frequency swept from 1.0 Hz to 1.0 GHz, these functions are determined from the following ratios:
(37) 4 A PC DOS version of SPICE2G.6 is the simulator for the circuits in this research [15] .
where and are open-loop and closed-loop transimpedance functions, respectively. Magnitude and phase frequency responses for each of these functions are shown in the Bode plots of Fig. 13(a)-(h) . 5 Since accurate values for gain-margin ( ) and phase-margin ( ) are difficult to measure from the Bode plots of the loop-gain in Fig. 13(e) and (f) , the Nyquist plots shown in Fig. 14(a)-(c) are used. The solid lines in these graphs represent the polar plot of generated for positive frequencies while the thick dashed lines represent that for negative frequencies. The plot shown in Fig. 14(a) was generated over the full frequency range where the relative location of the point is not easy to determine due to the scale of the axes. However, from the plot enlarged about the origin shown in Fig. 14(b) , the point is clearly seen to lie outside the interior region of the Nyquist contour. The gain-margin is determined from this plot by measuring the magnitude of the real part of the loop-gain ( ) at the point where the plot intersects the horizontal axis. At this point, is about 0.21 so that in dB is calculated from dB (38)
The phase-margin is determined from a similar plot shown in Fig. 14(c) . In this plot, the phase of at the gain crossover frequency is determined from the intersection of the polar plot with a circle of unity radius centered at the origin. By adding 180 to , the phase-margin is found. From  Fig. 14(c) , the point ( 0.572, 0.819) defines the approximate location of this intersection so that is calculated from
Because and are positive, and since has no poles in the right-half of the -plane (rhp) [indicated by the nonminimal phase response behavior in the range of frequencies less than 100 MHz in Fig. 13(f) ] and the Nyquist contour does not encircle the point , it is concluded from the Nyquist stability criterion that the closed-loop forward transimpedance function has no poles in the rhp and that the amplifier is stable [4] , [9] .
VI. CONCLUSION
The two-port circuit models developed here are found to be very instrumental in a loop-breaking method for feedback amplifier analysis. These models are shown to be terminally equivalent to feedback subcircuits as long as these subcircuits can be defined as two-ports. Consequently, the loading and lateral signal transfer characteristics of feedback subcircuits are preserved with these models. However, the fundamental feature that gives these models significance in this application is their physically-disconnected topologies. With lateral signal transfer controlled by the binary values of dependent source parameters, 1) The transformation of the amplifier's feedback topology into an interconnection of two-ports is unnecessary. Two-port models and parameters are not needed except for the feedback subcircuit which must be two-port. 2) With the feedback subcircuit replaced by either the external-source or internal-source model, the system block diagram model of the amplifier is more obvious from the resulting configuration of the equivalent circuit [e.g., Fig. 9 (b) and (c)].
3) The physically-disconnected topology of these models present an effective means to break the feedback loop for open-loop operation. 4) Even though the external-source model is restricted to the modeling of linear two-ports and is not as flexible as the internal-source model, its application allows the system error function to be calculated directly from the feedback signal which is present in both open-loop and closed-loop configurations. 5) The method is easily applied to circuits for both pencil-and-paper analysis and SPICE simulation since open-loop and closed-loop response functions are derived from routine circuit analysis. Operations on parameter matrices are unnecessary and not involved in these derivations. 6) Implementation of the method for SPICE simulation is achieved with a replica-biasing scheme involving two copies of the amplifier circuit. One copy is used to bias the other in a closed-loop dc configuration allowing it to operate in a properly biased open-loop ac configuration. However, there are also several less desirable features associated with this method which are listed below.
1) The method is most useful on amplifiers that have feedback topologies listed in Table I. 2) The method is not easily implemented on multiple-loop feedback amplifiers if the feedback loops are not distinct and separable. 3) Because two amplifier circuits are needed for SPICE simulation, the circuit file will be twice as large as that required for a single circuit. This will increase the simulation time for large circuits.
